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Solution structure of a metal-binding site in the major groove of
RNA complexed with cobalt (III) hexammine
Jeffrey S Kieft and Ignacio Tinoco Jr*
Background: Solvated metal ions are critical for the proper folding and function
of RNA. Despite the importance of these ions, the details of specific metal
ion–RNA interactions are poorly understood. The crystal structure of a group I
intron ribozyme domain characterized several metal-binding sites in the RNA with
osmium (III) hexammine bound in the major groove. A corresponding method for
locating and characterizing metal-binding sites of RNA in solution is of obvious
interest. NMR should be ideal for localizing metal hexammine ions bound to the
RNA because of the large concentration of protons around the metal center.
Results: We have solved the solution structure of the P5b stem loop from a
group I intron ribozyme bound to a cobalt (III) hexammine ion. The location of
the ion is precisely determined by intermolecular nuclear Overhausser effect
cross-peaks between the cobalt (III) hexammine protons and both exchangeable
and non-exchangeable RNA protons in the major groove. The binding site
consists of tandem G—U base pairs in a sequence of four consecutive G
residues ending in a GAAA tetraloop, as originally identified in the crystal
structure. The edges of the bases in the major groove present an
electrostatically negative face and a variety of hydrogen-bond acceptors for the
cobalt (III) hexammine ion. The metal ion ligand is bound near the guanosine
nucleotides of the adjacent G—U base pairs, where it makes hydrogen bonds
with the N7 and carbonyl groups of both guanines. The carbonyl groups of the
uracil residues add to the negative surface of the binding pocket, but do not
form hydrogen bonds with the hexammine. Additional hydrogen bonds form with
other guanine residues of the GGGG sequence. The structure of the binding
site does not change significantly on binding the cobalt (III) hexammine. The
structure of the complex in solution is very similar to the structure in the crystal.
Conclusions: The structure presents a picture of how tandem G—U base pairs
bind and position metal ions within the RNA major groove. The binding site is
preformed in the absence of metal ions, and presents a negative pocket in the
major groove with a variety of hydrogen-bond acceptors. Because G—U base
pairs are such a common motif in RNA sequences, it is possible that this
RNA–metal ion interaction is critical in forming large complex RNA structures
such as those found in the ribosome and self-splicing introns. This structure
was determined using cobalt (III) hexammine as an analog for hexahydrated
magnesium, a technique that may be applicable to other RNA sequences. Metal
hexammines may prove to be useful general probes for locating RNA metal ion
binding sites in solution.
Introduction
RNA is a rival for proteins in its ability to form complex
three-dimensional conformations designed to perform
specific functions. These structures are highly dependent
on the presence of metal ions. The effect of ionic strength
on the thermal denaturation of nucleic acids demonstrates
the effect of nonspecific ion–RNA interactions on RNA
stability [1]. In addition to these nonspecific interactions,
highly specific interactions with both monovalent and
multivalent metal ions are clearly important for nucleic
acid structure and function [2]. One example of mono-
valent-ion specificity is found in the structure and stability
of G quartets (four-stranded complexes of guanine resi-
dues), which have very different properties depending on
which cations are present [3]. Ribozymes are dependent
on metal ions for their catalytic activity, with very specific
requirements for ion identity and concentration [4]. Both
the hammerhead ribozyme and the hairpin ribozyme use a
transesterification reaction via an in-line attack by the 2′-
hydroxyl group to cleave the phosphodiester backbone,
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but their divalent metal ion requirements are different
[5–9]. Clearly these systems are using highly specific, but
different, metal-binding sites to achieve structural stabil-
ity or to drive active-site chemistry; they are metallo-
enzymes. The recurring theme in all of these systems is
that metal ions must be present and must play a dual
role: they stabilize the overall fold and specific conforma-
tion of the molecule and they are necessary players in
active-site chemistry.
The details of how metal ions and RNA interact are poorly
understood. This is in part due to a lack of solution tech-
niques for accurately locating and characterizing metal ion
binding sites within RNA sequences and structures.
Techniques that have been employed include phosphoro-
thioate interference assays [10,11], paramagnetic NMR
resonance broadening [12,13], and uranyl ion cleavage
assays [14,15]. These techniques have helped to locate
potential ion-binding sites, but they cannot provide the
details of the relevant interactions. Crystal structures of
molecules such as tRNAs [16,17], a hammerhead ribo-
zyme [18–20], and now a group I intron ribozyme [21,22],
have provided very useful knowledge of the interactions
within metal-binding sites in RNA crystals. However, no
high resolution solution-state structure of an RNA metal-
binding site has been presented.
The recent crystal structure of the P4-P5-P6 portion of a
group I intron ribozyme identified and characterized metal
ions in several binding sites [22]. One of the metal ion
binding sites is located in the P5b stem loop and contains
tandem G–U base pairs and a GAAA tetraloop separated
by a single G–C base pair (Fig. 1). Biochemical studies
have shown that this region stabilizes the fold of the intron
[23]. This is consistent with the crystal structure in which
the intron assumes a bent conformation in which the P5b
stem loop serves as a clamp to hold the bend in place.
This P5b loop bound an osmium (III) hexammine in the
derivatized crystal and also showed electron density con-
sistent with the presence of a bound magnesium hexahy-
drate ion at the same site in the native crystal. The
sequence of P5b contains two motifs which have been
implicated as potential metal ion binding sites: the G–U
base pairs and the consecutive guanine residues [12]. The
binding site identified in the crystal is formed by the
major groove edges of both G–U base pairs. The osmium
(III) hexammine protons form hydrogen bonds to the car-
bonyl oxygen and N7 of both guanines, and to the 4-car-
bonyl oxygen of one of the uracils (U13 in Fig. 1).
The ability of the P5b stem loop to bind metal ions in the
crystal state makes it a good candidate to determine
whether metal ion binding occurs in solution, and whether
the structure of the complex in solution is the same as in
the crystal. High-resolution NMR can provide the answers.
Cobalt (III) hexammine has been proposed as an analog of
fully-solvated magnesium [24]. This is based largely on a
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Figure 1
The sequence of RNA containing the metal-binding site. (a) The
secondary structure of the P4-P5-P6 region of the group I intron
ribozyme crystallized by Cate et al. [21]; the different regions of the
structure are labeled. A metal-binding site is located in the P5b stem
loop. (b) The sequence of the stem loop used in this study.
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geometric similarity, although studies have shown that
cobalt (III) hexammine is capable of activating some
enzymes which usually require magnesium [25]. Cobalt
(III) hexammine has been used extensively in several
types of study: to induce the B→A form and B→Z form
transitions in DNA [26–29], for inducing nucleic acid
crystal growth [30], for DNA condensation studies [31,32],
and for inducing structural changes in DNA four-way
junctions [15]. Cobalt (III) hexammine has also been
observed to stabilize the tertiary interactions of tRNAs
[33]. Using NMR, Robinson and Wang [28] observed
nuclear Overhausser effect (NOE) cross-peaks between
the cobalt (III) hexammine amine protons and guanosine
H8, imino, and cytosine amino protons of DNA, demon-
strating that NMR could be used to precisely locate a
metal ion complex within a specific ion-binding site. 
Here we present the three-dimensional solution structure
of the P5b stem loop complexed with a cobalt (III) hexam-
mine ion, determined by NMR. We observe NOE cross-
peaks between the cobalt (III) hexammine protons and
RNA protons in the major groove that precisely locate the
ion within the binding pocket. Because of the geometric
similarity between cobalt (III) hexammine and fully-sol-
vated magnesium, it is likely that magnesium occupies
this pocket in a similar manner, via electrostatic and outer
sphere hydrogen-bonding interactions. 
Results and discussion
NMR data 
The molecule that we chose for study contains a binding
site identical in sequence to the P5b sequence of the crys-
tallized group I intron ribozyme domain (Fig. 1). NMR
resonances of this P5b sequence were assigned using stan-
dard resonance assignment techniques [34]. Long mixing
time (400ms) nuclear Overhausser effect spectroscopy
(NOESY) experiments allowed assignment of resonances
via a sequential walk using standard A-form RNA connec-
tivities. These assignments were verified by high-resolu-
tion double quantum filtered correlation (DQF-COSY)
experiments which allow through-bond connectivities to
be observed; and by 13C–1H heteronuclear multiple
quantum coherence (HMQC) experiments, which identi-
fied resonances by type based on their 13C chemical shift.
NOESY experiments were used to build a list of distance
constraints for use in restrained molecular dynamics (rMD)
structure determination protocols. A total of 201 inter- and
intraresidue distance constraints were used in structure
determination. DQF-COSY experiments were used to
measure the J couplings between correlated spins, which
are dependent on the torsion angles. All the ribose rings
were found to be in the C3′-endo (N) conformation. The
measured backbone torsion angles were consistent with
RNA A-form geometry. In the rMD calculations A-form
constraints were used for the stem of the hairpin, but no
torsion angles constraints were applied to the GAAA loop.
The NMR spectra for P5b, in both the bound and
unbound state, were assigned and constraint lists were
generated and compared for both. We observed no differ-
ence in the NOE connectivities or intensities between the
spectra of the P5b with and without cobalt (III) hexam-
mine present.
In addition to RNA–RNA cross-peaks, we observed RNA
to cobalt (III) hexammine cross-peaks in a two-dimen-
sional H2O NOESY experiment (Fig. 2). These cross-
peaks are between the G5H8, G6H8, U13 imino, U14
imino, and C12 amino protons and a single cobalt (III)
hexammine proton resonance at 3.65ppm. This resonance
represents all 18 amine protons, indicating that the cobalt
(III) hexammine is in fast exchange between the bound
and unbound states, and is probably rotating rapidly
within the binding pocket. Furthermore, all RNA reso-
nance peaks remain sharp upon cobalt (III) hexammine
addition, confirming that this is a fast exchange process.
The dynamic nature of this interaction could not be deter-
mined in the crystal structure, but can be clearly detected
and characterized by NMR. All intermolecular cross-peaks
were approximately equal in intensity, and indicated a
binding site near the G–U base pairs.
Addition of cobalt (III) hexammine to the RNA produces
a large downfield shift of the U13, U14, U15 and G8 imino
protons (Fig. 2), a downfield shift of the G5H8 and A4H8
protons, and an upfield shift of the A4H1′ proton. Only
one set of RNA peaks is observed during this titration,
again indicating that the cobalt (III) hexammine is in fast
exchange on the NMR time scale. The shifts could be
caused by the presence of the highly charged cobalt (III)
ion, or by structural changes induced by the ligand. It is
apparent that the chemical shift effects are localized near
the G–U base pairs, indicating that the RNA–cobalt (III)
hexammine interactions occur in this region. As these
chemical shift changes are localized and are not accompa-
nied by changes in the pattern of NOE connectivities, it is
unlikely that they are due to a change in the RNA struc-
ture. Rather, they are the result of a direct effect of the
hexammine ion. These chemical shift effects, while not
yet quantifiable, should be a useful  probe for locating the
sites of metal ion binding in other RNA sequences.
Structure calculation
To calculate the structure of the stem loop bound with the
hexammine ion, the distance and torsion angle constraint
lists were used in an rMD protocol (see Materials and
methods). Fifty starting structures with the P5b sequence
were generated with random backbone angles, and were
subjected to a global fold protocol. Thirty-five structures
converged into low energy structures which were consis-
tent with the NMR data, and were subjected to further
refinement. The ten final lowest energy structures (Fig. 3)
have a root mean square (rms) deviation of 1.00 Å relative
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to the average structure (Table 1). Much of the difference
in the family of structures was due to flexing or fraying of
the structure at the end of the helix. In order to generate a
single representative structure, the ten lowest energy
structures were averaged and this average structure was
subject to the refinement protocol. This final structure
was compared to the entire family of structures in order to
verify that there were no averaging artifacts. The final
structure is consistent with all NMR data, and clearly falls
within the range of structures contained in the full family
of structures (Fig. 4). The location of the cobalt (III) hexa-
mmine was determined from five observed intermolecular
NOE cross-peaks. All cobalt (III) hexammine protons
resonate at a single frequency, so the NOE constraints
were referred to a pseudo-atom at the center of the
hexammine ion with appropriate distance adjustments.
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Figure 3
Family of NMR structures of the RNA–cobalt
(III) hexammine complex. (a) A superposition
of the ten lowest energy structures of the P5b
stem loop. (b) The local superposition of the
binding pocket of the same ten structures.
The cobalt (III) hexammine ion has been
omitted for clarity.
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Figure 2
Imino proton NMR spectra of the P5b stem
loop. (a) Imino proton portion of a one-
dimensional NMR spectra of P5b.
Resonances corresponding to the U13, U14,
U15 and G8 imino protons shift downfield
upon addition of cobalt (III) hexammine. (b)
NOE cross-peaks between the hexammine
protons and the RNA imino protons. Cross-
peaks were also observed to amino and
aromatic resonances. Experimental conditions
were 2 mM RNA in 10 mM phosphate buffer,
200 mM NaCl, 100 mM EDTA, pH 6.4; the
cobalt (III) hexammine concentration was
2 mM.
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Further refinement led to the family of RNA–hexammine
ion complex structures presented here.
The NOE constraints for P5b were the same in both the
bound and unbound states. Therefore, the structure of the
P5b loop without cobalt (III) hexammine bound was not
explicitly calculated, as it is identical to the structure with
the cobalt (III) hexammine bound, within the precision of
our NMR data.
Description of the structure
The solution structure of  P5b is very similar to the struc-
ture determined by X-ray crystallography (Fig. 5). The
stem is an A-form helix, only slightly perturbed by the
presence of the tandem G–U base pairs. The tetraloop
belongs to the GNRA family and is closed by a G–C base
pair. Tetraloops with the sequence 5′-GNRA-3′ (where N
represents any nucleotide and R represents a purine) are
very stable and common in ribosomal RNA [35].
Although the closing base pair is reversed in the original
GNRA tetraloop structures, our structure is essentially
identical to the others in the family. The three adenine
bases stack on the 3′-end of the A-form helix, and the
guanine and last adenine of the tetraloop form a sheared
G–A base pair. Distinctive NMR resonance frequencies
in the GNRA tetraloop NMR spectra are also observed
here [35].
Details of binding interactions
The structure clearly demonstrates how the bases can be
responsible for forming a metal ion binding site, with no
apparent backbone involvement. In solution and in the
crystal, the binding pocket is formed only by the base
functional groups. 
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Table 1
NMR data sets and structure statistics.
Constraints
interresidue NOE 79
intraresidue NOE 92
hydrogen bond 30
torsion angle 161
Convergence* 35/50
Rms deviation of ten lowest energy
structures to average
heavy atoms (Å) 1.00
backbone (Å) 1.02
Violations
NOE > 0.2 Å 2
torsion angle > 10° 0
Rms deviations from ideal covalent geometry
bond lengths (Å) 0.005
bond angles (°) 0.84
impropers (°) 0.16
*Fraction of random structures which converged after global fold.
Figure 4
Stereoview of the average structure of the
P5b stem loop–cobalt (III) hexammine
complex. The ligand is located in the major
groove near the two guanines of the G–U
base pairs. The G–U base pairs are shown in
yellow, the GAAA tetraloop is shown in light
green, the cobalt (III) hexammine is shown in
red and the rest of the molecule is in blue.
Note that the cobalt (III) hexammine ion is
located near the guanine residues, in position
to hydrogen bond to the guanine base
carbonyl oxygen and N7 groups.
The cobalt (III) hexammine is bound within the major
groove of the tandem G–U base pairs, adjacent to the
guanines and more distant from the uracil residues
(Fig. 6). NOE cross-peaks place the cobalt (III) hexam-
mine in a position where it is able to form hydrogen bonds
with both the N7 and O6 of these guanine residues.
Although the uracil bases of the G–U pair have carbonyl
oxygens in the major groove that facilitate binding, they
are not involved in hydrogen bonding with the cobalt (III)
hexammine. In the crystal structure, the electron density
associated with the cobalt (III) hexammine allows a
hydrogen bond to a uracil carbonyl oxygen, but the assign-
ment is not compelling. The G–U wobble base pair is the
only base pair which places only electrostatically negative
hydrogen- bond acceptors in the major groove. Both
Watson–Crick G–C and A–U base pairs have an amino
group in the major groove, which disrupts the negative
binding surface and introduces steric hindrance. The
G–U pairs place only the guanine N7 and carbonyl groups
and the uracil carbonyl groups in the pocket, and places
them in a concave semicircular orientation into which a
metal ion can fit (Fig. 7). 
Tandem G–U base pairs may often function as major
groove binding sites. Their high stability allows the RNA
to create a binding site with little energetic cost [36]. All of
the possible orientations of tandem G–U pairs are found in
ribosomal RNA, with 5′-UG-3′/3′-GU-5′ being the most
frequent, followed by GG/UU [37]. These variations in
sequence may influence both binding affinity and RNA
structural stability, and allow the RNA to fine-tune the
binding site to its needs. Different orientations of the
tandem G–U pairs lead to different alignments of the
hydrogen-bond acceptors in the major groove. In the
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Figure 5
Comparison of the NMR and X-ray crystal
structures. (a) The structure of P5b in
solution, as determined by NMR and (b) the
structure as determined by X-ray
crystallography [21]. The G–U base pairs are
shown in yellow, the cobalt (III) hexammine in
red. The structures were determined
independently but are very similar.
Figure 6
Details of the RNA–metal ion interaction. Superposition of 15 low
energy cobalt (III) hexammine orientations (shown in red) within the
major groove binding pocket. Hydrogen bonds between the
hexammine protons and the RNA for all members of the ensemble are
shown as green dotted lines. Hydrogen-bond acceptors which line the
binding pocket are shown in yellow.
P4-P5-P6 crystal structure, different types of tandem G–U
pairs showed different osmium (III) hexammine and mag-
nesium ion occupancy levels [22]. We have observed
imino proton resonance shifts indicating that cobalt (III)
hexammine can even bind to a single G–U pair.
In addition to the guanine residues of the G–U base pairs,
the guanines of the Watson–Crick G–C base pair and
sheared G–A base pairs are located close enough to the
cobalt (III) hexammine ion to form hydrogen bonds.
Hydrogen bonding to these groups increases the stability
of the RNA–metal ion interaction, and may be important
in stabilizing the overall fold of the intron.
The 18 amino protons of the cobalt (III) hexammine res-
onate at a single frequency, whether bound or unbound.
This implies that the ion is tumbling rapidly within the
pocket. We calculated a family of possible orientations
which satisfy the NMR data and have similar calculated
energies. This ensemble of structures demonstrated the
many different possible orientations of the cobalt (III)
hexammine ion within the binding pocket, and the corre-
sponding variety of hydrogen-bonding motifs (Fig. 6).
The hexammine ion probably spans these conformations
as it tumbles rapidly within the pocket. The groups calcu-
lated to form hydrogen bonds to the ion are the N7 of G5,
G6, and G7, and the carbonyl oxygens of G5, G6, G7 and
G8. NMR chemical shift changes suggest that G8 is close
to the binding site (Fig. 2), offering further evidence that
it is directly interacting with the ion. The extensive inter-
action of the guanine residues with the metal ion complex
is consistent with earlier findings that guanine residues are
important in ion binding. Crystal structures of Z DNA
with cobalt (III) hexammine place the complex near the
guanine N7 [26,27], and NMR paramagnetic broadening
experiments have implicated sequential guanines as metal
ion binding sites [12].
The structure of the RNA with and without cobalt (III)
hexammine bound are identical within the precision of
the NMR data. Thus, it is not clear what the structural or
stabilization role of the metal ion is. We observe an
increase in the RNA hypochromicity at 260 nm upon
binding of the metal ion complex. This suggests that an
increase in base stacking occurs upon metal ion binding,
but a quantitative assessment is difficult. 
Cobalt (III) hexammine as a general probe
The ability of cobalt (III) hexammine to bind specifically
to RNA, to induce chemical shift changes, and to display
intermolecular NOEs to the RNA should allow it to be
used as a more general probe of metal ion–RNA interac-
tions. The geometric similarity of hexahydrated magne-
sium and cobalt (III) hexammine could be exploited to
find and characterize metal ion binding sites in other
RNA sequences [24]. It is not clear, however, that cobalt
(III) hexammine is able to induce the same specific struc-
tural changes or conformational stabilization that solvated
magnesium does. In addition, cobalt (III) hexammine
cannot bind to sites which require inner sphere coordina-
tion directly to the magnesium ion. Clearly, other  stable
hexa-, penta-, or tetra-coordinated metal ammines might
also be useful.
Biological implications
Metal ions play two important roles within the struc-
tures of RNA: they stabilize the folding of structures
and motifs, and they take part in active-site chemistry.
Structural methods for locating and characterizing
metal ions bound to RNA are thus of great utility.
Cobalt (III) hexammine, which is similar in shape, size
and binding surface to a magnesium ion, provides a
means to determine the interactions of this important
biological ion. Because the amine groups of cobalt (III)
hexammine do not exchange with the solvent, as do the
the ligands on fully-solvated magnesium, NMR can be
used to observe intermolecular NOEs between the metal
ion complex and the RNA. Thus the precise location of
the metal ion can be determined.
The crystal structure of a group I intron ribozyme
domain has been previously reported. The solution
structure of this same domain, complexed with cobalt
(III) hexammine, is reported here and elaborates on the
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Figure 7
Formation of the binding pocket. A
comparison of the shape of (a) the binding
pocket of tandem G–U base pairs and (b)
tandem G–C base pairs. The metal ion
complex is represented by a white circle. The
G–U base pairs form a concave semicircular
surface lined with hydrogen-bond acceptors
(shown in yellow). The pocket formed by the
G–C base pairs is not as favorable.
picture seen in the crystal structure. The solution and
crystal structures are very similar, with the metal ion
complex bound in the major groove at tandem G–U base
pairs. Hydrogen bonds to the sequential guanines are
formed by the cobalt hexammine groups. RNA is able to
place hydrogen-bond acceptors into the major groove
using tandem base mismatches and a tetraloop. This rel-
atively small motif provides an electrostatically negative
pocket into which the metal complex can fit and form
hydrogen bonds with the N7 and O6 groups of guanine
bases. The ability of this sequence to bind metal ions in
this manner may help explain why G–U base pairs are
so widespread and highly conserved within large RNA
sequences.
This structure represents only one type of metal ion
binding motif. Other motifs are likely to use other base
interactions and to involve the phosphate backbone in
forming pockets of even higher specificity. However,
cobalt (III) hexammine may provide a useful general
probe for locating and characterizing the sites where
metal ions bind in the major groove of an RNA duplex, or
at sites in loops or bulges that primarily involve the bases.
Materials and methods
Sample preparation
RNA was transcribed from chemically synthesized DNA templates by
T7 RNA polymerase, and purified by polyacrylamide gel electrophore-
sis. RNA was eluted and concentrated by ethanol precipitation and
then dialyzed extensively against 10 mM phosphate buffer, 200 mM
NaCl, 100 mM EDTA, pH 6.4. The final RNA concentration was
2–2.3 mM, as measured by absorbance spectroscopy at 260 nm.
Cobalt (III) hexammine (Sigma) solution concentrations were deter-
mined by mass and verified by absorbance spectroscopy at 475 nm.
NMR spectroscopy
NMR spectra were collected on either a GE GN-500 or Bruker AMX-
600 spectrometer. Experiments used to assign the proton resonances
and construct constraint files included DQF-COSY, 13C–1H HMQC,
H2O NOESY, and D2O NOESY experiments. One-dimensional and
two-dimensional exchangeable proton spectra were collected using the
1:1 water suppression pulse sequence with a pulse delay designed to
maximize excitation at the imino proton resonances. Nonexchangeable
proton spectra were collected using a presaturation water suppression
method. Quadrature detection was achieved using the TPPI method.
All NMR data were processed using FELIX 95.0 software (Biosym
Technologies, Inc.).
DQF-COSY, 13C–1H HMQC and D2O NOESY experiments of 50 ms,
100 ms and 150 ms mixing times were performed at 20°C. H2O
NOESY experiments were performed at 2°C and 20°C with mixing
times of 150 ms, 250 ms and 400 ms. For all of the above experiments,
2048 real data points were collected. 
NOE cross-peaks were assigned to strong (1.8–3.0 Å), medium
(2.0–4.0 Å), weak (2.5–5.0 Å), and very weak (3.0–7.0 Å) groups
based on their measured intensities in NOESY experiments with mixing
times of 50 ms, 100 ms, 150 ms and 400 ms. Constraints for exchange-
able resonances were assigned a wider distance range — the imino to
imino cross-peaks were assigned a distance range of 3.0–5.0 Å. Addi-
tional constraints for hydrogen bonds were added for all Watson–Crick
and G–U base pairs, where NMR connectivities indicated base pairing
within an A-form helix. Torsion angle constraints were assigned to be
A-form, based on observed J coupling constants. No torsion angle con-
straints were include for those parts of the sequence not clearly within
an A-form helix (the GAAA tetraloop). All ribose sugars, with the excep-
tion of G1, were constrained to C-3′ endo (N) conformations based on
the COSY experiments. The G1 ribose ring was not constrained based
on a cross-peak which indicated a mixed pucker state.
Structure calculation
Structure calculation of the P5b stem loop bound to cobalt (III) hexam-
mine was completed in two steps: calculation of the RNA structure
based on intramolecular NMR distance and torsion angle constraints;
and the placement of cobalt (III) hexammine ion in the binding pocket
using intermolecular NOEs. 
The molecular dynamics program X-PLOR [38], was used to generate
RNA structures consistent with all NMR-derived constraints. Terms
included in the calculations included bond lengths, bond angles,
improper angles, van der Waals repulsion, and NMR-derived distance
and torsion angle constraints. The bond length and bond angle force
constants were set to 1000kcalmol–1 Å–2 and 500kcalmol–1 rad–2,
respectively. The NOE force constant was set to 50kcal mol–1 Å–2, and
the torsion angle force constant was varied from 5 to 50kcalmol–1 rad–2
during the calculations. Fifty structures were generated with random
backbone torsion angles and subjected to a global fold protocol [39].
The protocol consisted of 500 cycles of initial energy minimization fol-
lowed by rMD at 1000K and subsequent rMD while cooling to 300K,
and finishing with 100 cycles of energy minimization. All NOE distance
constraints were used during this global fold, but no backbone torsion
angle constraints were used. Converged structures were subjected to a
refinement protocol: 500 cycles of initial energy minimization; rMD at
1000K with backbone torsion angles introduced in two steps (first b, c,
g, e and then a, z); rMD while cooling to 300K; and 1000 cycles of final
energy minimization. These refined structures underwent further rMD at
300K and finally 3000 cycles of energy minimization with
Lennard–Jones potentials and electrostatic energies added. This proto-
col resulted in a family of converged structures which were visualized
with the program INSIGHT II (Biosym Technologies, Inc.). 
Cobalt (III) hexammine was placed using the program DISCOVER 3
(Biosym Technologies, Inc.) within the INSIGHT II environment. The
cobalt (III) hexammine ion was built within INSIGHT II using the Builder
Module and the published crystal structure [40]. NOE constraints were
placed to a pseudo-atom at the center of the cobalt (III) hexammine
complex with distances adjusted accordingly. All RNA–cobalt (III) hexa-
mmine NOE cross-peaks were similar in intensity so all distance
restraints were set to a value of 5.0 Å using the DISCOVER 3 qua-
dratic energy function. A minimization protocol of 500 steps with NOE
and van der Waals energy terms moved the cobalt (III) hexammine into
location within the binding pocket. Usually, less than 200 steps were
needed to find the energy minimum. The structure was further refined
using electrostatic, NOE, and van der Waals terms to seek out the
lowest energy orientations of the complex within the binding pocket.
The cobalt (III) hexammine location was ‘randomized’ between each
refinement by slight translations and rotations within the binding site.
The extensible systematic forcefield (ESFF) forcefield was used in all
DISCOVER 3 calculations.
Accession numbers
Coordinates have been deposited in the PDB with accession code
1AJF.
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